In this talk I discuss the status and future prospects of testing the Higgs self-couplings at the High Luminosity LHC (HL-LHC) as well as several Beyond Standard Model (BSM) scenarios that could be probed via Higgs pair production in the coming years.
Introduction
Di-Higgs production is the only LHC process in which the coupling between three Higgs bosons h can be tested at tree level. After electroweak symmetry breaking the Higgs potential can be written as
In the Standard Model (SM), both λ andλ are predicted once the Higgs mass is known, λ =λ ≈ 0.13. Hence any deviation automatically implies the existence of Beyond the Standard Model (BSM) phenomena.
In addition the knowledge of λ,λ is crucial to determine the vacuum stability of the Universe [1] . In view of the situation above, it is important to understand how accurately the High-Luminosity LHC (HL-LHC) can test these couplings. In the SM, the Higgs pair (triple) production has a cross section of about 40 (0.06) fb [2] ( [3] ). Once the corresponding branching fractions are taken into account, the measurement ofλ needs to wait for a future collider (see [4] and references therein).
I will start by reviewing the status of di-Higgs production in the SM in section 2, and then move to a generic discussion of BSM effects in section 3. Finally, I will briefly review a set of studies based on the effect of the Higgs self-coupling in radiative corrections, i.e. indirect effects of λ,λ. *
Di-Higgs in the Standard Model
In the SM the main production mode is gluon fusion, and thus I will focus solely on this channel (VBF and tthh can also be important). In 1998 this process was known up to next-to-leading order (NLO) in QCD [5] in the m t → ∞ limit. An intense effort in the QCD community lead us to the exact NLO calculation [2] .
Due to the smallness of the cross section, one must have at least one Higgs decaying into bb. Since the Higgs discovery several channels have been explored, and the most promising ones have the second Higgs decaying into either τ τ [6] , W + W − [7] , γγ [8] , and bb [10, 11] . As these studies often used different assumptions, I collect them in table 1, where I normalized the result to the value of [2] and assumed a b-tagging efficiencies of 70 %.
† .
Process S(600/fb) B(600/fb) Reference
Dolan, Englert, Spannowsky [6] 
Papaefstathiou, L.L. Yang, Zurita [7] bbγγ 9 11
Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira [8] 6 12.5
Baur, Plehn, Rainwater [9] bbbb 48 2000
Behr, Bortoletto, Frost, Hartland, Issever, Rojo [10] 50 2500
Ferreira da Lima, Papaefstathiou, Spannowsky [11] Table 1: Pheno studies of the di-Higgs process in several final states. We normalized all the studies to the cross section of Ref. [2] and assumed a b-tagging efficiency of 70 % with a 1% light jet rejection.
From the table we see that we have at our disposal only a handful of signal and background events, as anticipated. Hence the sensitivity in a full-fledged analysis can drastically vary with respect to these crude estimations. However, it is hard to avoid being optimistic when considering a combination of all these final states at the HL-LHC.
Beyond Standard Model effects in di-Higgs production
We start by depicting the production diagrams for di-Higgs in a generic BSM theory, in figure 1 .
The main effects in di-Higgs production arise from : * As the activity in the last 5 years on di-Higgs production includes about 200 papers, space limitations forbid a comprehensive overview. Thus I will focus on a few selected examples to illustrate the landscape of New Physics effects in Higgs pair production.
† For a real-life exploration of these channels, please see the talks by Harald Fox and David Morse in these proceedings. • Anomalous couplings.
• New states running in the loop.
• New resonances.
• Chain decays, Y → hX.
• Exotic Higgs decays.
Anomalous couplings
Not only the hhh (κ h ) coupling matters, but also htt (κ t ), hhtt (κ 2t ), gghh (κ 2g ), ... (as seen in figure 1 ). These can be considered free parameters or can be correlated if they arise from a concrete Lagrangian, either a complete model or in an effective field theory (EFT) construction, in which case the κ i coefficients become simple functions of the c i Wilson coefficients. We show in figure 2 the HL-LHC reach for two 2-D c i planes (from [19] and [20] ). These plots illustrate that the different coefficients can be highly correlated.
In particular, the left panel shows a correlation between c 6 and c t ‡ , thus casting doubts on the c 6 -only approach that most indirect studies (see sec. 4) follow to present their results. [19] ) and c 2g −c 2t (right, [20] ).
Colored states running in the loop
The triangle and box diagrams scale differently from the SM case when the loop features new colored particles. These are ubiquitous in several BSM scenarios, like Composite Higgs or Supersymmetry (see e.g: [12, 13, 14] ).
The presence of these new states affects both inclusive cross sections and differential distributions, as shown in figure 3 . In the left panel we see, in the context of a concrete Composite Higgs model, that the cross section can be 4-5 times larger than the SM one, even for fairly heavy (2 TeV) new particles. For vector -like quarks the m hh distribution is practically unaffected [13] , while for scalars and chiral fermions one finds large deviations in the tails, as illustrated in the right panel of fig. 3 . ‡ The notation for the Wilson coefficients follows references [19] and [20] . [21] ) and (right) m hh distribution [13] .
New resonances
A new scalar resonance S coupling to two Higgs bosons appear in the context of extended Higgs sectors, like in Two Higgs doublet models [15] or in Higgs portal models [16] . In the latter (the simplest scalar extension of the SM) S and the SM Higgs mix with an angle α into the h(125) and H(m H ) states. The free parameters of this model are the mixing angle α, the heavy Higgs mass m H and the ratio of the SM Higgs and S vacuum expectation values. We show in the left panel of fig 4 how the currently allowed region will be probed by H → hh searches in the near future. In the right panel we show a subset of the parameter space, namely the case where the extra singlet is used to obtain a first order electroweak phase transition, thus leaving only one free parameter m 2 = m H . Using only the fully leptonic bbW + W − final state one obtains 95 % C.L exclusions up to 700 GeV using the HL-LHC, thus providing a robust test of scenarios featuring electroweak baryogenesis. Figure 4 : Left: Total rate for S → hh including the bounds from hh resonant searches [22] ). Right: Significance vs m H in a model allowing first order electroweak phase transition [23] .
Chain decays and exotic final states
Higgs chain decays are tightly constrained by the Y → ZX process (see however [17] ). Exotic Higgs decays are complicated due to the existing (and expected) bounds, but this was attempted in ref. [18] .
Going beyond HH: indirect effects
While λ enters at tree level in pp → hh, one could look for the effect of λ in loops. In the recent years this possibility was raised by McCullough [24] in the e + e − → HZ process. During the last year, several studies considered the effects of radiative corrections involving λ in several observables, which we summarize in 
Conclusions
In the last years a previoulsy considered impossible measurement has received a lot of attention, in light of the 125 GeV Higgs boson properties. From the BSM angle, there is a very rich phenomenology, compatible with current constraints but still giving large deviations in di-Higgs associated observables. Finally, while the LHC can scratch the surface of the triple Higgs coupling, a full reconstruction of the SM Higgs potential requiresλ and (most likely) a more accurate determination of λ, which is only possible at future colliders [4] .
